Study Design. Intraparenchymal pressure (IPP) measurements in an in vitro cadaveric model of CNS edema. Objective. To assess the contribution of pia mater to IPP and the effect of piotomy. Summary of Background Data. Multicenter randomized control trials have shown that decompression with durotomy/ duroplasty significantly decreases intracranial pressure (ICP). There is a paucity of evidence regarding the effectiveness of decompression of the spinal cord by piotomy. Methods. The supratentorial brain and spinal cord were removed from six fresh cadavers. Dura and arachnoid mater were removed. ICP monitors were placed bilaterally in the frontal and parietal lobes, and centrally in the cervical and thoracic spinal cord. To simulate edema, specimens were submerged in hypotonic solution. IPP was recorded for 5 days. A complete dorsal midline piotomy was performed on the spinal cord and resulting IPP was recorded. Results. Brain and spinal cord both increased in weight. IPP significantly increased in both brain and spinal cord. The IPP increase within the spinal cord was substantially greater (averages: all four lobes ¼ 4.0 mm Hg; cervical ¼ 73.7 mm Hg; thoracic ¼ 49.3 mm Hg). After piotomy, cervical and thoracic spinal cord IPP decreased immediately (avg. postpiotomy IPP ¼ 9.7 and 10.3, respectively).
T he contribution of the meninges to intracranial pressure (ICP) is well established. Several recent multicenter randomized control trials have shown that decompression with durotomy/duroplasty significantly decreases ICP and improves mortality. [1] [2] [3] [4] [5] Normally, decompressive craniectomy is performed together with dural opening, which allows for additional brain expansion. However, opening the dura with no protection for the underlying brain may increase the risk of secondary surgical complications such as brain herniation through the craniectomy defect, epilepsy, intracranial infection, and cerebrospinal fluid (CSF) leakage. 6 Currently, decompressive craniectomy combined with augmentative duraplasty is widely performed and recommended by most authors. 6 There is a paucity of literature regarding decompression of the spinal cord by piotomy for a seemingly similar pathophysiology, specifically edema and compression causing secondary injury to the cord. It has long been known that spinal cord compression can cause paralysis. This was first recognized by the Egyptians who understood its devastating effects. 7 As early as 1549, Paul of Aegina advised for the removal of fractured laminae. Ambrose Pare operated for depressed splinters of bone or fragments impinging upon the cord and nerve roots. 7 Before antiseptic technique and anesthesia this did not gain widespread acceptance. Cushing, in 1905, incised the pia mater over the posterior columns in a case of intramedullary ''growth'' with paraplegia and was surprised by the degree of improvement. 7 Elsberg developed this principle into the two-stage extrusion technique for such tumors. 8 Other surgeons incised the pia mater for drainage of syringomyelia. 7 We seek to evaluate the relative contribution of the pia mater to brain and spinal cord IPP in a model of central nervous system edema, namely immersion in hypotonic solution. Understanding the contribution of pia mater to brain and spinal cord IPP may lend insight in evaluating current and future treatment paradigms for spinal cord injury.
MATERIALS AND METHODS

Specimens
Six fresh cadavers, with no known history of symptomatic spinal disease (spinal stenosis, neurological/neuromuscular disease, congenital spinal malformation, etc.) or spinal surgery, were provided by the University of Cincinnati Body Donation Program (M:F ¼ 3:3; average age, 74 yr). Postmortem interval (PMI) was 2 to 5 days (average, 3.7 days). Cadavers were refrigerated (48C) until the day of the experiment and underwent CT imaging to exclude cadavers with undiagnosed spinal pathology.
Specimen Preparation
Decapitation was performed at the craniocervical junction. The spinal cord and brain were removed simultaneously. Care was taken not to breach the pia mater. To remove the spinal cord, a complete laminectomy was performed from atlas to sacrum. The dural sheath was opened and the arachnoid mater was removed. The denticulate ligaments and nerve roots were cut bilaterally. The cauda equina and filum terminale internum were transected near the L5-S1 junction. To remove the brain, a complete craniectomy was performed and the dura mater was opened. The supratentorial brain was removed and the arachnoid mater was carefully removed. The weights of the spinal cord and brain were recorded.
Instrumentation
Brain and spinal cord IPP were measured using six sensors connected to separate pressure monitors (Codman, Raynham, MA). Each sensor consists of a wire (diameter, 0.7 mm) with a cylindrical strain gauge at its distal end (diameter, 1.2 mm; length, 5 mm). The monitors were calibrated, using a water column as a standard, prior to placement within the brain and spinal cord. Measurements in the column were compared to a standard curve derived from the theoretical pressure [P ¼ (0.738 mm Hg/cm) Â depth (cm)].
The monitors were recalibrated as necessary prior to placement until pressure readings were within 1 mm Hg of the standard curve. Once calibrated, the monitors deviated from the standard curve by at most 1 mm Hg. Consequently, the monitors are regarded to have a precision of 2 mm Hg, that is, a change of pressure of 2 mm Hg is the smallest change that can be regarded as reliable (rather than noise intrinsic to the monitor).
Each of the six wires was labeled with its respective target, specifically left and right frontal lobes (F L and F R ), left and right parietal lobes (P L and P R ), cervical and thoracic spinal cord (C and T). The brain and spinal cord were placed in a container equipped with a spigot allowing the hypotonic bath to be drained and changed. To position the strain gauges at their spinal cord target levels, each wire was laid parallel along the cord from insertion point to target, with the strain gauge at the target level. The wire was marked at the insertion point. For the cervical probe, the specific target was mid-cervical enlargement and the insertion point was the rostral end of the cord. For the thoracic probe, the specific target was midway between the enlargements and the insertion point was the caudal end of the cervical enlargement. The sensors were then fed longitudinally into the spinal cord until the mark was at the insertion point. The wires were moved slightly while the target levels were inspected closely to assure that the strain gauge was deep within the parenchyma rather than just deep to the pial surface. The wires were then sutured to the pia at the insertion point to hold the sensor in place. The frontal and parietal lobe sensors were inserted bilaterally into the middle frontal gyri and superior parietal lobules, respectively, 3 cm deep to the pial surface.
The specimens were completely immersed in hypotonic solution (distilled water). The water level was marked on the container so that evaporation could be tracked and uniform specimen depth could be maintained through changes of solution.
Experimental Procedure
After specimen preparation, placement of pressure sensors, and immersion in hypotonic solution, pressure measurements were recorded every 30 minutes by camera. Manual measurements were recorded frequently within the first 30 minutes to determine onset of pressure increase. Additional measurements were recorded manually whenever possible as a failsafe against camera failure (which did not occur). The distilled water bath was changed roughly every 24 hours to maintain hypotonicity. Pressures were recorded for 5 days.
After 5 days, a complete midline dorsal piotomy was performed in the spinal cord and resulting pressures were recorded. The spinal cord was dissected to verify that the strain gauges were positioned at the correct target levels. All six sensors were then removed and passed through the water column to verify that they were still reading accurately vis-à -vis the standard curve. The brain and spinal cord were weighed.
Data Analysis
Intraparenchymal gauge pressure (i.e., pressure relative to baseline readings at time 0 with specimens submerged) is expressed as IPP. Peak pressures were identified and compared. Standard deviations were computed as measures of variability. The 95% confidence intervals were computed to bound estimates of the population mean for IPP or postpiotomy DIPP and to determine statistical significance (a ¼ 0.05). Statistical comparisons were limited to those relevant to the following hypotheses: (a) IPP increases in hypotonic solution (one sample Student t test compared with 0.0), (b) spinal cord peak IPP > brain peak IPP (twosample, unpaired t test), and (c) piotomy reduces spinal cord IPP (paired t test comparing final pressure prior to piotomy with postpiotomy pressure).
RESULTS
Mean initial supratentorial brain and spinal cord weights were 1098.3 and 36.3 g, respectively. Over the course of 5 days, the brain appeared to swell with notable sulcal effacement ( Figure 1A , start of one representative trial; Figure 1B Average peak IPP AE 95% confidence intervals for F L , F R , P L , and P R probes were 6.2 AE 4.6, 3.2 AE 2.3, 3.3 AE 4.3, and 3.5 AE 2.1 mm Hg, respectively (Figure 2 ). Average peak IPP AE 95% confidence intervals for C and T probes were 73.7 AE 26.9 and 49.3 AE 30.8 mm Hg, respectively. Peak IPP was statistically significant for all sensors except for P L (i.e., each confidence interval excluded 0.0). Peak pressures at both spinal cord levels were significantly greater than all four brain locations (Figure 2 ). There was no significant correlation between peak pressure and age or PMI at either spinal cord level After reaching peak pressure, IPP in the cervical and thoracic spinal cord had decreased by the conclusion of each experiment at 5 days (Figure 2 ). Final IPP AE 95% confidence intervals for C and T probes were 55.7 AE 24.5, and 18.7 AE 7.9 mm Hg, respectively.
After complete midline dorsal spinal cord piotomy, cervical and thoracic IPP decreased immediately. The mean postpiotomy IPP in cervical and thoracic cord were 9.7 AE 2.1 and 10.3 AE 1.1 mm Hg, respectively (Figure 2) . In both cases, postpiotomy IPP was statistically significantly greater than 0.0 (i.e., pressure was still slightly elevated). The change in IPP (DIPP) after piotomy was statistically significant for both cervical and thoracic spinal cord (Figure 3 ; DIPP ¼ À46.0 AE 25.1 and À8.3 AE 7.1 mm Hg, respectively). There was no significant correlation between postpiotomy pressure and age or PMI at either spinal cord level.
All 12 specimens increased in weight (brain DW range, 28-56%; spinal cord DW range, 49-179%). Mean final weights for brain ( Figure 4A ) and spinal cord ( Figure 4B ) were 1512.2 and 63.8 g, respectively. There was no significant difference in percent weight increase between brain and spinal cord (average brain: 38% AE 10.1%; spinal cord: 80% AE 51.4%).
DISCUSSION
The temporary removal of a piece of skull followed by loose closure of the dura and skin presumably allows for expansion of the edematous brain into a durotomy ''bag'' under the loosely closed scalp without restriction by the skull. 6 The dura also protects the underlying brain, and prevents the development of encepholoceles. 6 Yang et al 9 found that patients who underwent decompressive craniectomy Ã indicates statistical significance compared with F L, F R, P L , and P R peak IPP.
combined with augmentative duraplasty had better outcomes and lower incidences of secondary surgical complications (e.g., hydrocephalus, subdural effusion, epilepsy, etc.) compared with those who underwent surgical decompression with durotomy only. Presently, large decompressive craniectomy combined with enlargement of the dura by duraplasty is used by most research groups and seems to have the most favorable results. 6 Several prospective studies have agreed that decompressive craniectomy with simultaneous augmentative duraplasty would also control refractory intracranial hypertension and play a beneficial role in patients with severe TBI. 5 Coplin et al 10 performed a prospective trial on the feasibility of craniectomy with duraplasty versus ''traditional craniotomy'' as a control group in patients who developed brain swelling, and found that despite more severe head trauma, the patients in the study group had similar outcomes to the control group. Ruf et al 11 performed decompressive craniectomy and simultaneous dural augmentation with duraplasty in six children whose elevated ICP could not be controlled with maximal medical therapies. Subsequently, the ICP normalized, with improved outcomes after the procedure. Figaji et al 12 reported prospective studies on 12 patients who had undergone decompressive craniectomy with augmentative duraplasty. In this case series, the mean ICP reduction was 53.3% and clinical improvement as well as reversion of radiographic data was attained in most patients (11/12). All 11 survivors had a good outcome (Glasgow Outcome Scale of four or five). Additionally, several other pathological indices improved after this combined procedure, including cerebral blood perfusion and cerebral oxygen supply. 13, 14 These results showed that large decompressive craniectomy combined with augmentative duraplasty has favorable decompressive effects in the treatment of traumatic refractory intracranial hypertension compared with surgical decompression without dura opening. However, no well-planned study has compared the two methods, and in many centers, decompressive craniectomy with complete dura opening is performed routinely. 6 The role of decompression and stabilization of the neural elements after spine trauma is well understood and in the last decade the trend to early decompression has prevailed. Not until recently has the role of the meninges in intramedullary pressure been studied. Smith et al 15 induced an incomplete spinal cord injury at C5 in rats and placed them in groups of contusion alone, contusion plus laminectomy and durotomy, and contusion plus laminectomy and duroplasty with allograft. The rats with the expansile duraplasty had better functional outcomes and less scar formation and cavitation on pathologic review.
Previous cadaveric studies have shown that cervical and thoracic kyphotic deformity increases spinal cord IPP. [16] [17] [18] After creation of kyphotic deformities, laminectomy reduced mean cervical and thoracic IPP by 22.5% and 18.5%, respectively. 18 Durotomy reduced mean cervical Although minimal research has examined the effects of IPP on functional outcomes after human spinal cord injury, increased compartment pressure is well-associated with neurodegenerative consequences. 19 This study employed a model of global CNS edema to examine differential effects of pial constraint on brain and spinal cord IPP.
Both cervical and thoracic IPP increased significantly more than brain IPP. This suggests that pial constraint may play a more significant role in the development of IPP within the spinal cord than in the brain. This may be because of the cortical convolutions (gyri and sulci), largely absent in the spinal cord, permitting additional edematous engorgement of the brain parenchyma before the pia mater begins to limit expansion.
While both the brain and spinal cord of each cadaver were placed in the same water bath, the percent weight change was greater in the spinal cord than in the brain, though this difference was not statistically significant. This is possibly because of differences in anatomical structure. It seems unlikely, however, that this explains the significant difference in peak IPP, because both the brain and spinal cord absorbed significant water.
Piotomy facilitated significant decompression of spinal cord parenchyma. In the case of the cervical cord, piotomy facilitated an average 46.0 mm Hg reduction in IPP from a prepiotomy IPP of 55.7 mm Hg (82% decrease). In the case of the thoracic cord, piotomy facilitated an 8.3 mm Hg reduction in IPP from a prepiotomy IPP of 18.7 mm Hg (44% decrease).
Prior to piotomy, thoracic IPP had diminished substantially from its average peak pressure of 49.3 mm Hg. This may have been because of the formation of multiple pial herniations, especially in the thoracic region, which were presumably caused by greater pressure than could be sustained by the pia mater. This limited the magnitude of the pressure decrease that could be elicited by piotomy, even though nevertheless statistically significant. Pressure was better sustained in the cervical cord, possibly because of encasement by its thicker white matter.
The results of this study are consistent with previous data, showing that nearly complete decompression of the spinal cord is not achieved until a piotomy is made. 7, 8, 18 Spinal cord piotomy may have efficacy similar to that of cranial duratomy/duraplasty in instances of brain edema. In this study, the spinal cord was not completely decompressed, retaining an average postpiotomy IPP of roughly 10 mm Hg. Additional studies will be necessary to determine if similar decreases in pressure can be achieved with in vivo models. Moreover, piotomy is significantly more invasive to the central nervous system than laminectomy/durotomy/duroplasty and may pose risks greater than its potential benefits.
In light of these data, the authors suggest that pial constraint, resulting in increased IPP, may play a larger role in the pathogenesis of spinal cord injury secondary to edema than previously appreciated. The data also suggest that the pia may play a significantly greater role in the spinal cord than in the brain. The limited efficacy of laminectomy and durotomy to improve functional outcomes, as well as data reported in previous studies, suggest that IPP is not fully or reliably resolved by these interventions. The concept of pial constraint provides a mechanism by which IPP may be sustained despite these interventions, and offers an explanation for the differential findings between the brain and spinal cord.
Given the limited efficacy of treatments for spinal cord injury, a greater understanding of the pathogenesis may benefit treatment development. These data suggest that therapeutic piotomy or hyperosmotic treatment may be worthy of further investigation.
Key Points
Immersion in hypotonic solution may be a useful in vitro model of brain and spinal cord edema. In this model of edema, intraparenchymal pressure increases significantly in the pialinvested brain and spinal cord. In this model of edema, the intraparenchymal pressure increase is significantly greater in spinal cord, compared with brain. In this model of edema, dorsal midline spinal cord piotomy significantly decreases intraparenchymal pressure.
